Big MAP kinase 1 (BMK1 or ERK5) is a key mediator of endothelial cell (EC) function as shown by impaired embryonic angiogenesis and vascular collapse in BMK1 knockout mice. Hypoxia inducible factor 1␣ (HIF1␣), a potent mediator of angiogenesis, is positively regulated by the MAP kinases, ERK1/2. Because BMK1 deficiency is associated with impaired angiogenesis we hypothesized that BMK1 might regulate HIF1␣. To test this hypothesis, bovine lung microvascular ECs (BLMECs) were transfected with HIF1␣ and BMK1 cDNAs, and stimulated by hypoxia. HIF1␣ activity was measured by a reporter gene assay in which luciferase expression was driven by HIF1␣ activation. Hypoxia (1% O 2 , 24 hours) stimulated HIF1␣ activity by 5.1Ϯ0.6 fold. In the presence of dominant negative (DN)-BMK1, which inhibited BMK1 activity, hypoxia induced HIF1␣ activity was enhanced significantly to 6.4Ϯ0.4 fold. BMK1 activation by constitutively active (CA)-MEK5 inhibited HIF1␣ activity by 46Ϯ4%, suggesting BMK1 functions as a negative regulator of HIF1␣ activation. Activation of BMK1 reduced HIF1␣ protein levels. Ubiquitination inhibitors (30 mol/L ALLN, 2 mol/L lactacystin, or 100 nmol/L MG132) reduced the BMK1-mediated effect on HIF1␣ expression by Ͼ80%, suggesting that BMK1 stimulated HIF1␣ proteolysis. The negative effect of BMK1 on HIF1␣ was functionally important because transfection with CA-MEK5 significantly decreased EC migration by 68Ϯ10%, and inhibited angiogenesis (in vitro Matrigel assay) by 76Ϯ7%. In summary, BMK1 is a novel negative regulator of HIF1␣ and angiogenesis by increasing HIF1␣ ubiquitination and inhibiting HIF1␣ activity in endothelial cells. (Circ Res. 2005;96:1145-1151.) Key Words: big MAP kinase 1 Ⅲ hypoxia inducible factor 1␣ Ⅲ angiogenesis Original
E ndothelial cells (EC) play a key role in all aspects of angiogenesis. 1, 2 Understanding the specific mechanisms that contribute to each step of the angiogenic response may offer the best approach to developing therapies that will augment angiogenesis in diseases such as stroke and myocardial infarction or inhibit angiogenesis in cancer. An important master regulator of angiogenesis (especially induced by hypoxia) is hypoxia inducible factor-1␣ (HIF1␣), which controls critical proangiogenic genes such as vascular endothelial growth factor (VEGF). [3] [4] [5] [6] Targeted inactivation of HIF1␣ in mice results in abnormal vascular development and embryonic lethality, demonstrating its key role in the angiogenic processes. 7 Multiple mechanisms regulate HIF1␣ including both transcriptional and posttranslational processes. In EC, posttranslational mechanisms include both protein degradation (mediated by proline hydroxylases and ubiquitination) and protein phosphorylation. 8 -11 Previous studies suggest that HIF1␣ function is regulated by mitogen activated protein (MAP) kinases. 6, 12, 13 Specifically it was shown that ERK1/2 was activated by hypoxia, phosphorylated HIF1␣ directly, and enhanced HIF1␣ transcriptional activity as measured by VEGF expression. 6, 12 The mechanisms by which ERK1/2 stimulates HIF1␣ transcriptional activity remain unknown because HIF1␣ phosphoryla-tion by ERK1/2 did not change HIF1␣ protein stability. However, the ERK1 knockout mouse did not exhibit any defects in angiogenesis. 14 In contrast, several recent articles [15] [16] [17] suggest a critical role for the closely related MAP kinase, BMK1, in angiogenesis. Sohn et al showed in the BMK1 knockout mouse that initial vascularization occurred normally but subsequent remodeling and maintenance of the vasculature was adversely affected. 15 A similar result was reported by Hayashi et al who showed in a conditional BMK1 knockout that vascular integrity was compromised and EC apoptosis increased. 16 We hypothesized that the abnormalities in BMK1 knockout vasculature may reflect BMK1mediated regulation of HIF-1␣. This hypothesis derived from an article showing that VEGF expression was upregulated in BMK1 knockout embryonic fibroblasts and overexpression of BMK1 cDNA inhibited hypoxia induced VEGF promoter activity. 15 The authors suggested that the phenotype of BMK1 null mice was possibly because of disregulation of HIF activity, which disrupted normal vasculogenesis and angiogenesis by overexpression of VEGF. Also, because BMK1 and ERK1/2 have the same substrate recognition motif for phosphorylation, we propose that BMK1 regulates HIF activity in endothelial cells.
In this study, we demonstrate an essential role for BMK1 as a negative feedback regulator of HIF function as measured by VEGF expression, EC migration, and angiogenesis. Furthermore, we show that BMK1 regulation of HIF1␣ occurs via an ubiquitin dependent degradation mechanism.
Materials and Methods

Reagents
Bovine lung microvascular ECs (BLMEC)s were purchased from VEC Technologies (Renseller, NY). Endothelial basal medium and supplements were purchased from Invitrogen. Mouse anti-GFP antibody and mouse anti-PCNA were from BD Biosciences (San Jose, Calif). Mouse anti-VEGFR2, goat anti-VEGFR1, rabbit anti-pERK1/2, rabbit anti-ERK1/2, rabbit anti-actin, and rabbit anti-HA antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, Calif). Mouse anti-4G10 monoclonal antibody was purchased from Upstate (San Diego, Calif). Rabbit anti-BMK1 and monoclonal anti-FLAG antibodies were bought from Sigma Company. Monoclonal HIF1␣ antibody was purchased from Novus Biological (Eugene, Ore). A goat anti-mouse, Alexa Fluor 546 (Molecular Probes, Littleton, Co) was used for immunofluorescence. ALLN, Lactacystin, MG132, ALLM were from Calbiochem (San Diego, Calif). Matrigel matrix was purchased from BD Biosciences.
Cell Culture and Transfection
BLMECs at passages 3 to 8 were grown in MCDB-131 media supplemented with 10% FBS, heparin (15300 U/L, Sigma; St. Louis, Mo), hydrocortisone (2.76 mol/L, Sigma), bovine pituitary extract, epidermal growth factor (1.64 nmol/L, Sigma), L-glutamine, and antibiotics (100 U/mL penicillin, 68.6 mol/L streptomycin) in flasks precoated with 2% gelatin. For transient expression experiments, 95% confluent cells in 60 mm dishes were transfected 24 hours after plating with 2 g plasmids using 7 L Lipofectamine and 10 L Plus reagent (Invitrogen, Carlsbad, Calif). After 4 hours of incubation, the medium was replaced with complete MCDB-131. One day later, cells were serum starved overnight, then incubated in the hypoxia chamber (1% O 2 ). This protocol yields Ϸ60% transfection efficiency based on GFP. 17
HIF1␣-Dependent Reporter Gene Assay
BLMECs were cotransfected with hypoxia response element-fireflyluciferase, TK-renilla-luciferase and CA-MEK5 or other cDNAs indicated in each experiment. After treatment, the luciferase activities in cell lysates were determined using the Dual-Luciferase Reporter Assay system (Promega, Madison, Wis) and Wallac 1420 multilabel counter. Luciferase activity represents the ratio of the luminescence units (RLU) from firefly luciferase and renilla luciferase. 8
Western Blot Analysis
The membrane was blocked for 2 hours at room temperature with 5% BSA. The blot was incubated for 2 hours with certain dilution of antibody at room temperature, followed by incubation for 1 hour with horseradish peroxidase-conjugated secondary antibody. Immunoreactive bands were visualized using ECL (Amersham Pharmacia Biotech). Alternatively, the infrared secondary antibody was used and images were analyzed with Odyssey software (LiCor, Inc).
Cell Fractionation
After the different transfection and treatment, BLMEC were washed twice with cold PBS and lysed in hypotonic buffer (10 mmol/L Tris-HCl pH7.5, 10 mmol/L NaCl, 3 mmol/L MgCl2, 1 mmol/L PMSF, 0.5 mmol/L DTT, 0.1 mmol/L EGTA, 2 mol/L leupeptin, 1 g of aprotinin per mL, and 0.05% NP-40). 18 The supernatant containing the cytosolic extract was removed and the protein concentration determined by Bradford assay. The nuclei were washed twice with the hypotonic buffer without NP-40 and scraped in Laemmli buffer. The same volume of nuclei extracts was loaded for each sample. PCNA and actin were used as controls of loading for nuclear and cytosolic fractions respectively.
Immunofluorescence
BLMEC were fixed in 3% paraformaldehyde for 15 minutes at room temperature. After 3 washes with PBS, the cells were sequentially treated with 0.1% Triton X-100 for 5 minutes (for permeabilization), with PBS/3% BSA for 1 hour (for blocking), then with an anti-FLAG for 2 hours in PBS/1%BSA. After 3 washes, cells were incubated in dark with antimouse an Alexa Fluor 546 in PBS for 45 minutes at room temperature. After 4 washes in PBS, the cells were counterstained with DAPI and then the fluorescent signal was visualized with an Olympus fluorescence microscope.
Relative Semiquantitative PCR
PCR was performed as previously described. 19 RNA of BLMECs was extracted with a Total RNA Isolation Kit (Qiagen). First-strand cDNA was synthesized with the SuperScript Preamplification System (Gibco-BRL). Relative quantitative reverse transcription-polymerase chain reaction was performed with 18s rRNA as an internal control using Ambion's competimer technology. VEGF primers (sense: CTTTCTGCTCTCTTGGGTG C; anti-sense: ATCT-TCAAGCCATCCTGTGTCCC) were used to generate the 224-bp PCR product. PCR products were separated on a 2% agarose gel, stained with ethidium bromide, and visualized under UV light. The relative intensity of VEGF PCR products was determined by densitometry.
Migration Assay
For detection of cell migration, a wound healing assay was performed. 20 BLMECs were grown on 6 cm wells, the monolayer was scratched with a sterile disposable rubber policeman and the edge labeled with a traced line. After injury, the cells were gently washed with normal medium without serum. EC migration from the edge of the injured monolayer was quantified by measuring the area between the wound edges before and the recovered area after injury using light microscopy and the computer program ImageJ.
Angiogenesis Assay
The angiogenic response to HIF1␣ induction affected by BMK1 activation was assessed using an in vitro Matrigel analysis, using BLMECs transfected with DM-HIF1␣ and CA-MEK5, or pcDNA3.1 as control. Two days after transfection, the cells were seeded on 6-well cell culture plates precoated with Matrigel at 1ϫ10 5 cells/well and maintained in serum free medium. The capillary/tube-like structures were visualized by light microscopy at different time points and analyzed using ImageJ.
Statistical Analysis
Data were shown as meanϮSTDEV (S.E., for data analysis of angiogenesis assay in Figure 5C and 5D) for 3 to 4 separate experiments.
Differences were analyzed with one-way analysis of variance (ANOVA). Values of PϽ0.05 were considered statistically significant.
Results
HIF1␣ Transcriptional Activity Is Inhibited by BMK1 Activation
To assess the effect of BMK1 on HIF1␣ function we used CA-MEK5 to stimulate BMK1 activity and measured HIF1␣dependent reporter gene expression. 6, 8, 17 CA-MEK5 overexpression in BLMEC increased BMK1 activity by Ϸ10-fold. 17 Endogenous HIF1␣ activity was inhibited by 39.0Ϯ4.2% after CA-MEK5 overexpression ( Figure 1A , second bar). To further assess the effects of BMK1 on HIF1␣ we also transfected BLMEC with cDNAs of wild-type (WT) or double mutant (DM)-HIF1␣ (P402A / P564G). DM-HIF1␣ is stabilized compared with WT-HIF1␣ protein because mutations of the proline hydroxylase recognition sites Pro 402 and Pro 564 prevent ubiquitination of HIF1␣. 11 Transfection with WT-HIF1␣ increased luciferase activity by 4.0Ϯ0.1-fold compared with endogenous HIF1␣. CA-MEK5 inhibited HIF1␣ activity by 68.9Ϯ5.8% ( Figure 1A , bars 3 and 4). In cells transfected with DM-HIF1␣, luciferase activity was increased 9.8Ϯ0.2 fold. CA-MEK5 dramatically inhibited DM-HIF1␣ function by 77.9Ϯ6.6% ( Figure 1A , bars 5 and 6), suggesting that the effect is independent of Pro 402 and Pro 564.
To demonstrate further that BMK1 activation inhibited HIF1␣ transcriptional activity, we used hypoxia (1% O 2 ) to stimulate HIF1␣ activity. We first examined the effect of hypoxia on BMK1 activity, and compared the time course and magnitude with activation of ERK1/2. 6, 12 In response to hypoxia, BMK1 activity increased with peak at 24 hours measured by phosphorylation-dependent bandshift ( Figure  1B , 97.5Ϯ8.0-fold increase, nϭ3). We have previously shown an excellent correlation between BMK1 activity measured by bandshift and by in vitro kinase assay. 17,21 ERK1/2 activity also increased in response to hypoxia but more rapidly (peak at 6 hours) than BMK1 ( Figure 1B ). There was no significant change in BMK1 or ERK1/2 protein expression by hypoxia ( Figure 1B ). HIF1␣ transcriptional activity was increased 5.0Ϯ0.6-fold by hypoxia (for 24 hours) and even further by overexpression of DN-BMK1 ( Figure 1C ). CA-MEK5 overexpression inhibited HIF1␣ activity by 44.0Ϯ3.7% and this inhibitory effect was prevented by coexpression of DN-BMK1 ( Figure 1C ). Because ERK1/2 has also been reported to regulate HIF1␣ function we studied the effect of modulating MEK1 and ERK1/2 activity. Interestingly, HIF1␣dependent luciferase activity was significantly increased by CA-MEK1 and inhibited by DN-ERK2 ( Figure 1C ). These results show that BMK1 and ERK1/2 differentially regulate HIF1␣ activity. The negative effect of BMK1 on HIF1␣ activity might serve as a negative feedback regulator of HIF1␣ to counter-balance the stimulatory effect of ERK1/2.
HIF1␣ Protein Level Is Decreased by BMK1, but Not by ERK1/2 Activation
The most important mechanism for regulation of HIF1␣ is protein degradation. 8, 9, 11 To determine whether BMK1 activation decreased HIF1␣ protein, the protein level of HIF1␣ was determined by western blotting. First, BLMEC were transfected with either WT-HIF1␣ or DM-HIF1␣ in the presence of CA-MEK5 or CA-MEK1 to activate BMK1 or ERK1/2, respectively. Expression of DM-HIF1␣ is higher than WT-HIF1␣ because DM-HIF1␣ has greater protein stability than WT-HIF1␣ ( Figure 2A ). HIF1␣ protein levels were not changed by overexpression of CA-MEK1, which is consistent with previous findings that ERK1/2 activation increased HIF1␣ transcriptional activity possibly through direct phosphorylation of HIF1␣ by ERK1/2, without effect on protein degradation. 6, 12 Interestingly, the level of ectopically expressed HIF1␣ protein decreased with overexpression of CA-MEK5 (Figure 2A ). In addition, the ability of BMK1 to decrease expression of DM-HIF1␣ lacking the prolines required for ubiquitination and degradation suggested that BMK1 initiated protein degradation via a different mechanism that was independent of Pro 402 and Pro 564.
To confirm the decrease in HIF1␣ protein by BMK1 activation, endogenous HIF1␣ was measured after exposure to hypoxia. BLMECs were transfected with CA-MEK5 or DN-BMK1 and exposed to hypoxia for 8 hours. The cell lysates were separated into nuclear and cytoplasmic fractions 18 quickly to avoid degradation of HIF1␣. HIF1␣ protein Figure 1 . HIF1␣ transcriptional activity is inhibited by BMK1 activation. A, Reporter gene assay was performed 1 day after cells were transfected with cDNAs listed in the figure together with cDNAs for luciferase and Renilla. Relative luciferase activity represents the ratio of the luminescence units from firefly luciferase and renilla luciferase. *PϽ0.05 compared with pcDNA3.1 control; ϩPϽ0.001 compared with the samples with overexpression of HIF1␣ constructs; nϭ3. B, BMK1 and ERK1/2 are activated by hypoxia. BLMECs were exposed to hypoxia for the indicated times and harvested for western blotting with anti-BMK1 or antiphosphoERK1/2. C, BMK1 activation inhibited HIF1␣ transcriptional activity induced by hypoxia. BLMECs transfected with the indicated cDNAs plus luciferase and Renilla cDNAs were exposed to hypoxia or normoxia as controls 1 day later. Luciferase activity was determined after 24 hours. Relative luciferase activity represents the ratio of the luminescence units from firefly luciferase and renilla luciferase. *PϽ0.05 compared with the sample in normoxia condition; ϩPϽ0.05 compared with the sample in hypoxia condition; #PϽ0.005 compared with the samples transfected with CA-MEK or CA-MEK1; nϭ3.
induced by hypoxia was exclusively located in the nuclear fraction ( Figure 2B ). There was no detectable HIF1␣ in the cytosolic fraction (not shown). Expression of DN-BMK1 significantly increased HIF1␣ expression in response to hypoxia ( Figure 2B , 1% O 2 ). More dramatic was the appearance of HIF1␣ in the nuclear fraction of cells maintained in 21% O 2 indicating a profound effect of DN-BMK1 on HIF1␣ protein stability. In contrast, CA-MEK5 completely abrogated the increase in nuclear HIF1␣ induced by 1% O 2 ( Figure 2B) . These results show that BMK1 kinase activity regulates endogenous HIF1␣ protein level.
To further support these observations, we monitored expression and subcellular localization of transfected HIF1␣ tagged with GFP (WT HIF1␣-GFP, Figure 2C through 2E) in presence of DN-BMK1 under hypoxia versus normoxia. In normoxic conditions there was barely detectable WT HIF1␣-GFP in cytosol (apparent as green fluorescence with long exposures, Figure 2C ) or nucleus (DAPI, Figure 2C ). Under hypoxia, WT HIF1␣-GFP was readily detectable in cytosol (green, Figure 2D ) and was obviously increased in the nucleus (green, Figure 2D ). Merging the DAPI (nuclear) and GFP images showed clear evidence for increased WT HIF1␣-GFP in the nucleus. Cotransfection of DN-BMK1 and WT HIF1␣-GFP had a dramatic effect in normoxia. Wild type HIF1␣-GFP was readily apparent in the nucleus (green, Figure 2E ) and colocalized with DAPI (pale blue, Figure 2E merge GFP/DAPI). There was essentially no WT HIF1␣-GFP in the cytosol (no yellow in Figure 2E merge Flag/GFP). These results show that DN-BMK1 has a powerful effect to enhance HIF1␣ protein stability and nuclear localization in endothelial cells that should correlate with increased HIF1␣ transcriptional activity.
HIF1␣ Protein Degradation Via Ubiquitination Is Enhanced by Activated BMK1
The effect of BMK1 activation on regulation of HIF1␣ protein level could be caused by alterations in HIF1␣ mRNA or protein stability. There was no significant change in HIF1␣ mRNA level with CA-MEK5 overexpression (data not Figure 2 . HIF1␣ protein expression and nuclear localization is regulated by BMK1 activation. A, BLMECs transfected with DM-HIF1␣-GFP or CA-MEK5/CA-MEK1 cDNAs were harvested and HIF1␣ protein level was determined by western blotting with GFP antibody. B, BLMEC were transfected with CA-MEK5, DN-BMK1 or pcDNA3.1 and exposed to hypoxia (1% O 2 ) or normoxia (21% O 2 ) for 8 hours. Nuclear fractions were used to study HIF1␣ endogenous expression. Cytosolic fractions were used to verify the transfection of DN-BMK1 (FLAG) or CA-MEK5 (HA). PCNA and actin were used as a loading control for nuclear fractions. C, BLMEC were transfected with wild-type (WT) HIF1␣-GFP tagged construct and maintained in normoxia for 8 hours. Fluorescence images optimized for GFP or DAPI are shown. D, BLMEC were transfected with WT HIF1␣-GFP and exposed to hypoxia for 8 hours. Fluorescence images optimized for GFP or DAPI are shown. E, BLMEC were transfected with WT HIF1␣ and DN-BMK1 tagged with Flag and maintained in normoxia for 8 hours. DN-BMK1 transfected cells were detected with an anti-FLAG antibody. Fluorescence images optimized for GFP, FLAG, or DAPI are shown.
shown). Therefore the effect of BMK1 activation on HIF1␣ protein degradation was investigated with pharmacological inhibitors of ubiquitination. BLMEC were transfected with DM-HIF1␣ and CA-MEK5 or pcDNA3.1 as control. The effects of 3 different ubiquitination inhibitors -acetylleucinal-leucinal-nonleucinal (ALLN), lactacystin, and MG132 -were then studied. The inhibitors had no effect on HIF1␣ protein levels in the presence of pcDNA3.1 (Figure 3 ). CA-MEK5 significantly decreased HIF1␣ protein level in the absence of inhibitor (0 mol/L in Figure 3 ). However, all 3 ubiquitination inhibitors prevented CA-MEK5-dependent downregulation of HIF1␣ at low doses. Although ALLN inhibits both calpain and ubiquitination-dependent proteolysis, the fact that another calpain inhibitor ALLM did not have effect on CA-MEK5-dependent regulation of HIF1␣ ( Figure  3 ) suggests that BMK1 activation increased HIF1␣ protein degradation via an ubiquitination pathway, which is independent of proline hydroxylation on Pro 402 and Pro 564.
HIF1␣ Induced VEGF Gene Expression Is Inhibited by BMK1
To determine the functional effects of BMK1 activation on HIF1␣-mediated gene expression in EC, we studied the expression of VEGF, a known hypoxia-inducible and HIF1␣dependent gene. 3, 4, 22 VEGF mRNA level increased by 1.8Ϯ0.3-fold after hypoxia for 24 hours (Figure 4A and 4B) . Overexpression of CA-MEK5 significantly reduced VEGF mRNA expression induced by hypoxia. The basal level of VEGF in 21% O 2 was also decreased significantly ( Figure 4A and 4B). Importantly, cotransfection of DN-BMK1 with CA-MEK5 prevented the inhibition of VEGF mRNA expression significantly (Figure 4A and 4B) . Tyrosine phosphorylation of the VEGF receptor VEGFR2 was increased dramat-ically by hypoxia, which was completely blocked by BMK1 activation with CA-MEK5 ( Figure 4C ), suggesting a paracrine or autocrine effect of VEGF stimulated by hypoxia. The protein levels of VEGFR2 and VEGFR1 were not changed by either hypoxia or BMK1 activation ( Figure 4C ).
BMK1 Activation Attenuated EC Migration and Tube Formation
EC migration is important in angiogenesis and is regulated by HIF1␣ target genes such as VEGF. 3, 4, 22 To measure the effect of BMK1 activation on EC migration, a scratch wound healing assay was performed in which the area recovered represents EC migration. Control cells transfected with pcDNA3.1 recovered 25.9Ϯ8.4% after 24 hours ( Figure 5A , column 1). Transfection of BLMEC with DM-HIF1␣ increased EC migration by 42.2Ϯ6.8% (1.6-fold increase, Figure 3 . HIF1␣ protein degradation via ubiquitination is enhanced by activated BMK1. BLMECs cultured in 60 mm dishes were transfected with 1 g DM-HIF1␣, together with 1 g CA-MEK5 or pcDNA3.1 as control. The next day cells were treated with the indicated inhibitors for 6 hours and then harvested for western blot analysis. Similar results were obtained in 3 independent experiments. Actin was used as a loading control. A, BLMECs transfected with CA-MEK5 or DN-BMK1 were exposed to hypoxia or normoxia for 24 hours. RNA was purified from the cells and semiquantitative RT-PCR was performed for detection of VEGF mRNA level. 18S mRNA was used as internal control. B, Quantitative data for figure 4A. *, PϽ0.05 compared with cells in normoxia and transfected with CA-MEK5; ϩ, PϽ0.005 compared with cells in hypoxia; #, PϽ0.01 compared with cells in hypoxia and transfected with CA-MEK5; nϭ4. C, VEGFR2 tyrosine phosphorylation increased by hypoxia was inhibited by BMK1 activation. Cells transfected with CA-MEK5 or pcDNA3.1 as control were exposed to hypoxia (1% O 2 ) or maintained in normoxia (21% O 2 ) for 1 day. The total cell lysates were used to measure phosphorylation of VEGFR2 and the expression of VEGFR1 and VEGFR2. Figure 5A ). Transfection with CA-MEK5 completely inhibited the pro-migratory effects of DM-HIF1␣ ( Figure 5A ). In contrast, coexpression of DN-BMK1 relieved the inhibitory effect of CA-MEK5 (43.0Ϯ5.1% recovery). These results suggest that BMK1 activation, by inhibiting HIF1␣ activity, decreases VEGF expression and inhibits EC migration.
To further assess the effect of BMK1 on EC angiogenesis we performed a Matrigel tube-forming assay. When conditioned medium (CM) from control cells was placed on endothelial cells in Matrigel there was infrequent formation of capillary-like tubes ( Figure 5B) . In response to plating on Matrigel, EC treated with CM from cells transfected with DM-HIF1␣ rapidly formed capillary-like tube structures ( Figure 5B , second image). Cells treated with CM from cells transfected with CA-MEK5 alone did not differ from control. Importantly, in cells treated with CM from cells transfected with CA-MEK5 and DM-HIF1␣, there was a substantial inhibition of tube formation and branching (Figure, 5B,  bottom) . The results of these experiments were quantified as described in Methods. The tube length of cells treated with CM collected from the cells expressing DM-HIF1␣ increased from 64Ϯ5 mm/cm 2 to 304Ϯ12 mm/cm 2 (Figure 5C , second white bar). CM harvested from cells cotransfected with CA-MEK5 reduced tube formation from 304Ϯ12 mm/cm 2 to 75Ϯ5 mm/cm 2 ( Figure 5C, fourth white bar) . Similarly, the tube length of cells transfected with DM-HIF1␣ increased significantly from 92Ϯ18 mm/cm 2 to 508Ϯ39 mm/cm 2 (Figure 5C , second black bar). However, coexpression of CA-MEK5 in the cells inhibited tube formation significantly from 508Ϯ39 mm/cm 2 to 152Ϯ11 mm/cm 2 ( Figure 5C , fourth black bar). The more abundant formation of capillary-like tubes in transfected cells compared with CM-treated cells suggests that autocrine VEGF secretion contributes to angiogenesis, although it is likely not the only mediator.
Cells treated with CM from DM-HIF1␣ overexpressing cells demonstrated an increased number of formed enclosures ( Figure  5D , from 8Ϯ5 cm Ϫ2 to 178Ϯ21 cm Ϫ2 ). In contrast, CM from cells in which CA-MEK5 was overexpressed had no enclosures (0Ϯ0 enclosures). Importantly, CM from cells expressing both CA-MEK5 and DM-HIF1␣ had essentially no angiogenesis as measured by enclosure number (Figure 5D ). Similar data were obtained when we measured enclosure number in cells transfected with DM-HIF1␣ or CA-MEK5. The number of enclosure tubes increased in cells that overexpressed DM-HIF1␣ from 6Ϯ4 cm Ϫ2 to 378Ϯ49 cm Ϫ2 ( Figure 5D ). CA-MEK5 coexpression in the DM-HIF1␣ overexpressing cells inhibited enclosure number dramatically ( Figure 5D ).
Discussion
The major findings of this study are that BMK1 is a novel regulator of HIF1␣ and angiogenesis by increasing HIF1␣ ubiquitination and degradation in EC. BMK1 was recently shown to play a critical role in EC function because the conditional BMK1 knockout mouse rapidly dies because of disruption of vascular integrity. 16 We recently showed an essential role for BMK1 in preventing EC apoptosis induced by serum deprivation and tumor necrosis factor-␣. 17 The present study further supports the key role of BMK1 in EC function. In particular, our data show a specific role for BMK1 in regulating HIF1␣ protein expression and subsequently VEGF expression during hypoxia. An interesting finding is that the effect of BMK1 to promote HIF1␣ degradation was independent of hydroxylation on Pro 402 and Pro 564, because the HIF1␣ mutant (P402A/P564G) lacking the consensus prolines was still ubiquitinated and degraded after BMK1 activation.
The mechanisms that regulate HIF1␣ function have been extensively studied. 8, [23] [24] [25] [26] In addition to changes in transcription, HIF1␣ protein level is highly regulated by posttranslational mechanisms including hydroxylation and phosphorylation. Indeed, HIF1␣ is continuously synthesized but Figure 5 . EC migration and angiogenesis are inhibited by BMK1 activation. A, EC migration is inhibited by BMK1. BLMECs were transfected with DM-HIF1␣ and CA-MEK5 or DN-BMK1. Wound healing assay was performed 1 day later and the culture media was changed to serum free media. 24 hours later, the images were taken and quantitative data for EC migration were obtained after analysis with ImageJ. *PϽ0.001 compared with control cells; ϩPϽ0.001 compared with cells transfected with DM-HIF1␣; #PϽ0.001 compared with cells transfected with CA-MEK5 cDNA; nϭ6. B, BLMECs were transfected with DM-HIF1␣ and CA-MEK5 or pcDNA3.1 as control. One day later, serum free medium was added to the dish and harvested the next day. This medium was termed conditioned medium (CM). CM was applied to cells plated on the matrix gel in 6-well plate. 40X and 200X images were taken to determine the angiogenesis effects. The representative images shown are 40X. C, CM was prepared from BLMECs that had been transfected with DM-HIF1␣ or CA-MEK5 for 48 hours. The CM was harvested and added into dishes containing BLMECs plated on the Matrigel; or BLMECs transfected with DM-HIF1␣ or CA-MEK5 for 48 hours were directly plated on the Matrigel. Tube length was measured with ImageJ. *PϽ0.05 compared with control; ϩPϽ0.05 compared with cells treated with CM of DM-HIF1␣ overexpressing cells or cells transfected with DM-HIF1␣. D, Enclosure number was counted for the cells prepared as in C. *PϽ0.05 compared with control; ϩPϽ0.05 compared with cells treated with CM of DM-HIF1␣ overexpressing cells or cells transfected with DM-HIF1␣.
degraded via ubiquitination and proteasome activity under normoxia, whereas it accumulates rapidly following exposure to hypoxia. A key aspect of HIF1␣ degradation is hydroxylation of 2 proline residues (Pro 402 and Pro 564) that promotes HIF1␣ interaction with an E3 ubiquitin ligase complex targeting HIF1␣ for proteasomal degradation. 24, 25 Phosphorylation of HIF1␣ by ERK1/2 has been shown to enhance HIF1␣ transcriptional activity, 6, 12 although phosphorylation did not increase HIF1␣ stability. The present results indicate that BMK1-mediated HIF1␣ degradation is independent of proline hydroxylation (because the mutant (P402A/P564G) was degraded) although it requires ubiquitination (because ubiquitination inhibitors blocked the BMK1 effect). Our data also show that BMK1 kinase activity is required because DN-BMK1 blocked the effect of CA-MEK5 to promote HIF1␣ degradation. Future studies will be required to determine whether the kinase effect of BMK1 is via direct phosphorylation of HIF1␣ or a regulatory intermediate.
BMK1 has been shown to play a critical role in EC homeostasis as shown by the findings that the conditional BMK1 knockout mouse loses vascular integrity and exhibits EC apoptosis. 16 Based on the results of the present study and several published studies, 15, 17 it appears that BMK1 plays a critical role in EC by inhibiting apoptosis and limiting VEGF expression. In particular, the present study suggests that BMK1 mediates many of these effects by altering HIF1␣ expression (via degradation) and activity. It is somewhat counterintuitive that BMK1 would limit VEGF expression, which is growth promoting for EC. However, BMK1 inhibits EC apoptosis by stimulating Bad phosphorylation and decreasing caspase activation independent of growth factor stimulation. We suggest that BMK1 may play a key role in the initial sprouting stages of angiogenesis or the final differentiation of EC in the maturing vessel. The fact that BMK1 activity also regulates EC migration ( Figure 5 ) suggests that BMK1 may be particularly important in the initial stages of angiogenesis. The negative regulation of VEGF expression may enable the earliest sprouts to maintain vascular integrity and prevent increases in permeability that may be disadvantageous in the early angiogenic response.
The findings that BMK1 activity regulates angiogenesis (via HIF1␣ and VEGF expression), EC migration, and apoptosis suggests that BMK1 is a potential target for therapies that modulate wound repair, tumor angiogenesis and atherosclerosis. In particular, stimulating BMK1 activity would have beneficial effects to limit edema formation, to promote EC survival, and to decrease cancer angiogenesis. It will be important in the future to discover the BMK1 substrates that mediate these clinically important effects in EC.
